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The relativistic neutrino emissivity of the nucleonic direct URCA processes in neutron star matter
are investigated within the relativistic Hartree-Fock approximation. We study particularly the
influences of the tensor couplings of vector mesons ω and ρ on the nucleonic direct URCA processes.
It is found that the inclusion of the tensor couplings of vector mesons ω and ρ can slightly increase the
maximum mass of neutron stars. In addition, the results indicate that the tensor couplings of vector
mesons ω and ρ lead to obvious enhancement of the total neutrino emissivity for the nucleonic direct
URCA processes, which must accelerate the cooling rate of the non-superfluid neutron star matter.
However, when considering only the tensor coupling of vector meson ρ, the neutrino emissivity for
the nucleonic direct URCA processes slightly declines at low densities and significantly increases at
high densities. That is to say that the tensor coupling of vector meson ρ leads to the slow cooling
rate of a low-mass neutron star and rapid cooling rate of a massive neutron star.
As you know, the nature of an neutron star (NS) is
closely related to nuclear physics, particle physics and as-
trophysics. Specifically, the recent measurements of mil-
lisecond PSR J 1614-2230 extend the maximum observed
mass from 1.67±0.02M⊙ to 1.97±0.04M⊙[1]. Therefore,
the study on the properties of NS is one of the hottest is-
sues in the field of nuclear astrophysics. NSs are the rem-
nants of supernova explosions with an internal tempera-
ture about 1011-1012 K, and reduce to temperature about
1010 K within minutes by emitting neutrinos[2], then NSs
reach the steady thermal states. The long-term cooling
process of an NS is mainly by the neutrino energy losses
in the NS interior and can keep about 106 years. Dur-
ing this period, the neutrino emissions can be classified
into two categories: the enhanced neutrino processes that
mainly mean the nucleonic and hyperonic direct URCA
processes[3–6], and the standard neutrino processes(such
as modified URCA processes and Bremsstrahlung pro-
cesses). It is well known that the nucleonic direct URCA
processes produce the most powerful neutrino emissivity.
They dominate the properties of NS cooling and are more
efficient than standard processes[7–9].
In recent years, the tensor couplings of vector mesons
ω and ρ have been used in studies of nuclear proper-
ties with effective Lagrangians and results have shown
that they can significantly impact on the overall nuclear
properties[10–13]. Theoretically, the tensor couplings of
ω and ρ mesons terms in the Lagrangian are allowed by
lorentz, gauge, and CP invariance. NSs belong in the
typical nuclear matter. So it is necessary to study the
effects of the tensor couplings of ω and ρ mesons on the
bulk properties of NSs. It is for exactly these reasons
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that the relativistic Hartree-Fock (RHF) theory has been
used widely in the study of the properties of NSs[14–20].
In the model, the Fock terms are composed of the pion
exchange and the tensor couplings of ω and ρ mesons.
When the tensor couplings of ω and ρ mesons are in-
cluded in the RHF approximation, the properties of NSs
must be changed as the equation of states (EOSs) of NSs
change.
In this work, we adopt the RHF theory including the
tensor couplings of ω and ρ mesons to describe baryon
interacting in NSs. We adopt the simplest NS model,
assuming that the NS core consists of n, p, e and µ (npeµ)
matter. Up to now, we do not known how the neutrino
emissivity of the nucleonic direct URCA processes change
if the tensor couplings of ω and ρ mesons are included in
NS matter. The work mainly focus on the influences of
the tensor couplings of ω and ρ mesons on the maximum
mass of NS, particle fraction and neutrino emissivity of
the nucleonic direct URCA processes.
The effective Lagrangian density for the RHF approx-
imation can be written as L = L0 + LI , L0 is the La-
grangian density for the free nucleons, mesons and lep-
tons,
L0 =
∑
N
ΨN [iγµ∂
µ −mN ]ΨN +
1
2
(∂µσ∂
µσ −m2σσ
2)− U(σ)
+
1
2
m2ωωµω
µ +
1
2
m2ρρµρ
µ +
1
4
FµνF
µν −
1
4
GµνG
µν
+
∑
l
Ψl[iγµ∂
µ −ml]Ψl,
(1)
where the potential function U(σ) = 1
3
aσ3+ 1
4
bσ4, Fµν =
∂µων − ∂νωµ and Gµν = ∂µρν − ∂νρµ. The interaction
2Lagrangian density LI takes the form
LI =
∑
N
ΨN [gσNσ − gωNγµω
µ +
fωN
2M
σµν∂
νωµ
− gρNγµρ
µ · IN +
fρN
2M
σµν∂
νρµ · IN
−
fpiN
mpi
γ5γµ∂
µpi · IN ]ΨN ,
(2)
where the common scale mass M is the free nucleon mass,
IN is the isospin matrix of nucleon N. The gσN , gωN , gρN
are the coupling constants of baryons to σ, ω, ρ mesons,
respectively. While fωN , fρN and fpiN are the isoscalar-
, isovector-tensor and pseudovector coupling constants,
respectively.
In the RHF approximation, the nucleon self-energy ΣN
produced by the meson exchanges, it can be written as
ΣN(k) = Σ
S
N(k)− γ0Σ
0
N (k) + γ·kˆΣ
V
N (k), (3)
where kˆ is the unit vector along k. Using self-energy form
(3), the Dirac equation of nuclear matter can be written
as
(γ0E
∗
N − γ·k
∗
N −M
∗
N)ΨN = 0, (4)
where E∗N , M
∗
N and k
∗
N are defined by
E∗N (k) = EN (k)− Σ
0
N (k), (5)
M∗N (k) =MN +Σ
S
N (k), (6)
k∗N (k) = kN + kˆΣ
V
N (k), (7)
E∗N satisfies the relativistic mass-energy relation E
∗
N
2 =
k∗N
2
+M∗N
2. EN (k) is the single particle energy of nu-
cleon in NS matter. The nucleon self-energies ΣSN (k),
Σ0N (k) and Σ
V
N (k) are given by[20]
ΣSN (k) =− gσNσ0 +
∑ Ii
NN
′
(4pi)2
∫ p
N
′
0
dqq[
M∗
N
′ (q)
E∗
N
′ (q)
Bi(k, q)
+
q∗
N
′ (q)
2E∗
N
′ (q)
Di(k, q)],
(8)
Σ0N (k) = gωNω0+gρNIN3ρ0+
∑ Ii
NN
′
(4pi)2
∫ p
N
′
0
dqqAi(k, q),
(9)
ΣVN (k) =
∑ Ii
NN
′
(4pi)2
∫ p
N
′
0
dqq[
q∗
N
′ (q)
E∗
N
′ (q)
Ci(k, q)
+
M∗
N
′ (q)
2E∗
N
′ (q)
Di(k, q)],
(10)
where pN is the Fermi momentum of nucleon, IN3 is the
isospin projection of nucleon. In the isoscalar (σ, ω) and
isovector channels (ρ, pi), the isospin factors Ii
NN
′ are
δNN ′ and 2− δNN ′ , respectively[19].
In Eq. (8) and (9), σ0, ω0 and ρ0 are the mean-field
values of meson fields. The meson field equations have
the following form:
m2σσ0 + aσ
2
0
+ bσ3
0
=
∑
B
gσN
pi2
∫ pN
0
dkk2
M∗B(k)
E∗N (k)
, (11)
m2ωω0 =
∑
B
gωN
p3N
3pi2
, (12)
m2ρρ0 =
∑
N
gρNI3N
p3N
3pi2
. (13)
The nucleon density is expressed by
ρN =
p3N
3pi2
. (14)
The chemical potentials of nucleons and leptons satisfy
the following relationship under β equilibrium conditions,
µp = µn − µe, µµ = µe. (15)
At zero temperature the chemical potentials of nucleons
and leptons are expressed by
µN = E
∗
N (pN ) + Σ
0
N (pN ), (16)
µl =
√
p2l +m
2
l . (17)
The nucleons and leptons should meet the charge neutral-
ity and baryon number conservation conditions, which
are given by
∑
N
qNρN − ρe − ρµ = 0, (18)
∑
N
ρN = ρ, (19)
where ρ is the total nucleonic density.
The total energy density of NS matter is written by[20]
ε =
∑
N
1
pi2
∫ pN
0
dkk2[TN (k) +
1
2
VN (k)]−
σ30
2
(
a
3
+
b
2
σ0)
+
∑
l
1
pi2
∫ pl
0
dkk2
√
k2 +m2l ,
(20)
3where TN (k) and VN (k) are defined as
TN(k) =
MNM
∗
N(k) + kk
∗
N (k)
E∗N (k)
, (21)
VN (k) =
M∗NΣ
s
N (k) + k
∗
NΣ
v
N (k)
E∗N (k)
+ Σ0N (k). (22)
The pressure of NS matter can be obtained by
P = ρ2
∂
∂ρ
(
ε
ρ
). (23)
The simplest possible neutrino emission processes are
composed of two successive reactions, beta decay and
capture:
N1 → N2 + l + νl, N2 + l → N1 + νl, (24)
where N1 and N2 are nucleons, and l is a lepton. The
relativistic neutrino emissivity of the direct URCA pro-
cesses among nucleons and electrons can be written by
given by the Fermi golden rule, expressed as follows:
QR =
457pi
10080
G2FC
2T 6Θ(pe + pN2 − pN1)
× {f1g1[(εN1 + εN2)p
2
l − (εN1 − εN2)(p
2
N1
− p2N2)]
+ 2g2
1
µem
∗
N1
m∗N2 + (f
2
1
+ g2
1
)[µe(2εN1εN2 −m
∗
N1
∗
m∗N2) + εN1P
2
l −
1
2
(p2N1 − p
2
N2
+ p2e)(εN1 + εN2)],
(25)
where GF = 1.436× 10
−49 erg cm3 is the weak-coupling
constant, f1, g1 and C are the vector, axial-vector con-
stants, and Cabibbo factor, respectively[7]. µe is the
chemical potential of a electron. εN1 and εN2 are the
nucleonic kinetic energy. Θ(x) = 1 if x ≥ 0 and zero
otherwise.
Solving the above equations consistently, we can ac-
quire a series of physical quantities, like the Fermi mo-
mentum, effective mass, particle fraction and chemical
potential of nucleons and electrons at a given total nu-
cleonic density ρ. They are taken as inputs and by which
is used to solve Eq. (25). The relativistic neutrino emis-
sivity for the nucleonic direct URCA processes can be
obtained.
In the paper, we mainly consider the influence of the
tensor couplings of ω and ρ mesons on the nucleonic
direct URCA processes in npeµ matter. According to
whether including the tensor couplings of ω and ρ mesons
or not, the following discussion analyses the four cases in
detail. A1 is not inclusive for the tensor couplings of ω
and ρ mesons in NS matter. Instead, A2 includes the
tensor couplings of ω and ρ mesons in NS matter. B1
also does not consider the tensor couplings of ω and ρ
mesons in NS matter. B2 is the opposite of B1, which
only considers the tensor coupling of ρ meson in NS mat-
ter. The bulk properties of NSs are obtained for the four
cases with the parameter sets in Table 1.
Table 1.Parameter sets[17, 21].
Parameter gσN gωN fωN gρN
A1(no tensor) 7.66061 7.0096 0 2.33653
A2(with tensor) 6.89209 7.2908 -0.8749 2.43027
B1(no tensor) 9.28353 8.37378 0 2.10082
B2(with tensor) 9.24264 8.25548 0 2.19809
fρN fpiN a b
A1(no tensor) 0 1.00265 10.7 170
A2(with tensor) 8.99199 1.00265 10.5 235
B1(no tensor) 0 1.00265 12.69240 -15.98724
B2(with tensor) 8.13293 1.00265 11.14070 -19.60256
Table 2. Maximum masses Mmax, and corresponding radii R and
center densities ρc for the four cases..
Parameter Mmax(M⊙) R(km) ρc(fm−3)
A1 1.99 11.06 1.07
A2 2.00 10.66 1.10
B1 2.31 10.98 0.98
B2 2.33 10.91 0.98
The mass-radius relations of NSs are obtained by
substituting EOS into the Tolman-Oppenheimer-Volkoff
(TOV) equations[22, 23]. They are shown in Fig. 1 for
the four cases. The maximum masses Mmax, the cor-
responding radii R and center densities ρc for the four
cases are listed in Table 2. As seen in Fig. 1 and Ta-
ble 2, the inclusion of the tensor couplings of ω and ρ
mesons or the tensor coupling of ρ meson increases the
maximum mass of NSs. The maximum mass of NSs for
the four cases are agreement with the observed values of
PSR J 1614-2230. Fig. 2 shows the particle fraction Yi
as a function of the total nucleonic density ρ for the four
cases. When the tensor couplings of ω and ρ mesons are
included(or the tensor coupling of ρ meson), namely the
case A2(or case B2), the neutron fraction Yn decreases
and proton fraction increases. The increment of the pro-
ton fraction would result in an increment of the lepton
fraction due to the charge neutrality and β equilibrium
conditions. Moreover, the inclusion of the tensor cou-
pling of ρ meson(case B2) makes the conclusion from
above more obviously than the tensor couplings of ω and
ρ mesons(case A2). According to Eq. (14), these changes
of the individual Fermi momenta of neutrons and protons
can be obtained for the four cases. Fig. 3 represents the
effective masses of nucleons as a function of the total nu-
cleonic density ρ for the four cases. The effective masses
of nucleons for the case A2 and B2 are lower than the
corresponding values for the case A1 and B1 firstly and
then are higher than the corresponding values for the case
A1 and B1, respectively. These changes must change the
neutrino emissivity of the nucleonic direct URCA pro-
cesses.
The relativistic neutrino emissivity of the direct URCA
processes among nucleons and electrons as a function of
the total nucleonic density ρ for the four cases are plot-
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FIG. 1. The mass-radius relations of NS for the four cases.
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FIG. 2. The particle fractions of baryons and leptons as a
function of the total nucleonic density ρ for the four cases in
npeµ matter.
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FIG. 3. The nucleonic effective masses as a function of the
total nucleonic density ρ for the four cases in npeµ matter.
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FIG. 4. The relativistic neutrino emissivity QR as a function
of the total nucleonic density ρ for the four cases in npeµ
matter.
ted in Fig. 4. The nucleonic direct URCA processes occur
when the triangle condition pp + pe > pn in Eq. (25) is
satisfied. We can see that the nucleonic direct URCA
processes for the cases A1 and A2 happen at the same
time. While the threshold dendity of the nucleonic di-
rect URCA processes for the case B2 is lower than the
corresponding values for the case B1. In addition, the
relativistic neutrino emissivity QR for the case A2 is ob-
viously larger than the corresponding values for the case
A1. However, the relativistic neutrino emissivity QR in
the case B2 is less than the corresponding values in the
case B1 firstly and then increases, equals or exceeds the
values in case B1. It may be concluded that the inclusion
of the tensor couplings of ω and ρ mesons would accel-
erate the nonsuperfluid NS cooling in the mass range of
happening the nucleonic direct URCA processes. While
the inclusion of the tensor coupling of ρ meson, we could
conclude that the cooling rate becomes slow for a low-
mass NS and rapid for a massive NS.
In summary, we have been investigated the influences
of the tensor couplings of ω and ρmesons on the nucleonic
direct URCA processes by adopting the RHF theory in
npeµ matter. We find that the inclusion of the tensor
couplings of ω and ρ mesons(or the tensor coupling of
ρ meson) leads to a small increase of the NS maximum
mass. In addition, it makes an obvious enhancement of
the relativistic neutrino emissivity QR for the nucleonic
direct URCA processes. Which means that the inclusion
of the tensor couplings of ω and ρ mesons would quicken
up the cooling rate of the non-superfluid NS. However,
when we only consider the tensor coupling of ρ meson
in NS matter, the relativistic neutrino emissivity QR for
the nucleonic direct URCA processes decreases at low
densities and increases at high densities. In other word,
the tensor coupling of ρ meson causes the NS cool to slow
for a low-mass NS and speed up for a massive NS.
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